Sortilin is a multifunctional sorting receptor involved in cytokine production in immune cells. To understand the mechanism of Sortilin-mediated cytokine trafficking, we determined the 2.45-A structure of the dimerized Sortilin ectodomain (sSortilin or the Vps10-domain) crystallized at acidic pH. Substantial conformational changes upon dimerization lead to the intermolecular hydrophobic interaction between the conserved E455 and F137. Analysis of the electrostatic surface and size-exclusion chromatography revealed that sSortilin dimerization occurs due to an increase in hydrophobic interactions at the neutral dimer interface at acidic pH. The N682-attached N-glycan in the vicinity of the dimer interface implies its involvement in the dimerization. The disruption of Sortilin dimerization by mutations impairs efficient interferon-alpha secretion from cells. These results suggest the functional importance of Sortilin dimerization in cytokine trafficking.
Production of proinflammatory cytokines after recognition of pathogen-associated molecular patterns derived from various pathogens by pattern recognition receptors plays an important role in the innate immune system [1] . Since overproduction of cytokines reflects an excessive immune response, which leads to chronic inflammation and autoimmune disease development, regulation of the cytokine secretion from immune cells plays a critical role in achieving suppression of excessive immune responses. However, knowledge of the mechanisms of cytokine secretion from immune cells remains limited [2] .
Sortilin, a type 1 membrane protein that is evolutionarily conserved from yeast to humans [3] , is a multifunctional receptor that binds to various types of ligands and thus has a multitude of cellular functions such as lipoprotein metabolism and glucose acquisition [3] [4] [5] [6] . Sortilin is also known as neurotensin receptor 3, which is involved in neurotensin responses [7] . Sortilin is mostly located in early endosomes and in the trans-Golgi network [8] , and its localization is regulated by cargo adaptor complexes that bind to the cytoplasmic tail [3] . Previous studies demonstrated that Sortilin deficiency decreases interleukin (IL)-6 and interferon (IFN)-c secretion in macrophages and T cells [9, 10] . In addition, we previously found that Sortilin knockdown impaired IFN-a secretion in plasmacytoid dendritic cells [11] , which are known as type I IFN-producing cells [12] . Surface plasmon resonance analysis and immunofluorescence microscopy further indicated a physiological interaction between Sortilin and various cytokines [9] [10] [11] , and Sortilin disruption in immune cells was shown to attenuate inflammation and atherosclerosis [9] . These observations indicate that Sortilin can directly bind to various cytokines and thus likely plays an important role Abbreviations B-factor, temperature factor; CHO, Chinese hamster ovary; EGFP, enhanced green fluorescent protein; IFN, interferon; IL, interleukin; MW, molecular weight; RSMD, root-mean-square deviation; SEC, size-exclusion chromatography.
in cytokine production. Moreover, we previously demonstrated that Toll-like receptor signals negatively regulate Sortilin at the post-transcriptional levels via PCBP1 [11] , suggesting the importance of the post-transcriptional control of Sortilin for the post-translational regulation of cytokine production. However, the mechanistic details by which Sortilin recognizes and transports cytokines in immune cells remain unclear.
A previous study demonstrated that the N-terminal ectodomain of Sortilin (sSortilin), or the Vps10-domain, consists of three structural domains: a 10-bladed b-propeller and two cysteine-knot domains called 10CCa and 10CCb [13] . The two 10CC domains underlie half the rim of the doughnut structure of the 10-bladed b-propeller (Fig. 1A) . To date, the complex structures of human sSortilin have been determined with the tridecapeptide neurotensin [13, 14] or small molecule ligands [15] , and the structure of the Vps10 domain of SorLA, a member of the Vps10-domain receptor family, was also determined with or without amyloid-beta-derived peptide [16] . The binding sites for peptide ligands at the Vps10 domain in both sSortilin and SorLA have been identified in the inside wall of the central pore [14, 16] , whereas the binding site of macromolecules such as cytokines in sSortilin is still unknown. The mechanism conferring Sortilin with the potency for binding various types of ligands also remains to be elucidated.
To resolve these questions, in this study, we determined the crystal structure of ligand-free mouse sSortilin at a 2.45-A resolution. Protein crystals were obtained at acidic pH, and the structure was validated and compared with that previously determined for human sSortilin at neutral pH [14] . We further analyzed the electrostatic surface under varying pH to determine the mechanism of dimerization, which was confirmed with size-exclusion chromatography. Moreover, we introduced mutations at the hydrophobic loop or at the N-glycosylation site of Sortilin, which were expected to impair dimerization, and detected the effects on IFN-a secretion from cells using flow cytometry. Overall, our observations can help to determine the important structural components of Sortilin for its cytokine trafficking function in cells toward gaining a better understanding of the molecular mechanisms underlying cytokine-mediated immune responses.
Materials and methods

Plasmid construction and transfection
Hexahistidine-tagged sSortilin (residues 1-744+ IEGRHHHHHH) was amplified from a plasmid containing full-length Sortilin cDNA (DNAFORM, Yokohama, Japan), and the amplicon was then cloned into a pCDNA3.1 (+) vector (Thermo Fisher Scientific, Waltham, MA, USA) with In-Fusion HD Cloning Kit (Clontech, Palo Alto, CA, USA) according to the manufacturer's instructions. The neomycin resistance gene in pCDNA-sSortilin-his was replaced with the dihydrofolate reductase (dhfr) gene for protein expression in the Chinese hamster ovary (CHO)/dhFr-cell line (American Type Culture Collection, Rockville, MD, USA). Amino acid substitution mutants of sSortilin were generated with pEGFP-Sortilin [11] as a template using a PrimeSTAR Mutagenesis Basal Kit (Takara Bio Inc., Otsu, Japan) according to the manufacturer's instructions. Plasmid transfection was carried out with ScreenFect A (Wako Chemicals, Osaka, Japan) according to the manufacturer's instructions. The primers used for construction of amino acid substitution mutants are shown in Table S1 .
Protein expression, purification, and crystallization CHO/dhFr-cells carrying pCDNA/dhfr-sSortilin-his (CHO/sSortilin-his) were maintained in alpha-minimal essential medium without hypoxanthine and thymidine supplemented with 10% fetal bovine serum (Sigma-Aldrich, St Louis, MO, USA) and 100 U/mL penicillin-streptomycin (Wako Chemicals). The cells were cultured at 37°C in a humidified 5% CO 2 atmosphere. Amplification of the dhfr gene was carried out as described previously [17] , followed by the limiting dilution assay and enzyme-linked immunosorbent assay for cloning cells with high sSortilinhis expression. Cloned cells were then cultured in ASF medium 104N (Ajinomoto, Tokyo, Japan) for protein expression and purification. Recombinant sSortilin was isolated from the culture medium for 6 days with Ni Sepharose Excel (GE Life Sciences, Piscataway, NJ, USA Data collection, model building, and model refinement Diffraction data were collected at 100 K using the shortgap undulator beamline BL1A (proposal No. 2016G508) at the Photon Factory using a PILATUS 2M-F pixel detector. Diffraction data were indexed, merged, and scaled using the HKL2000 suite [18] . The crystals belong to the space group of P2 1 2 1 2 1 , with cell dimensions of a = 137.4 A, b = 55.3 A, c = 142. 4 A, and a = b = c = 90°. Initial phases were determined by molecular replacement using the coordinates of human sSortilin (PDB ID 4PO7) [14] with MOLREP [19] from the CCP4 program suite [20] . Model building was carried out with COOT [21] . Composite omit map calculation and density modification with CNS [22] and PHENIX [23] Stereochemistry of the final model was checked using rampage [18] in the CCP4 program suite [20] . Details of crystallographic statistics and the refined model are shown in Table 1 . All figures were prepared with PyMOL (Schr€ odinger) and CCP4mg [24] .
SEC analysis
SEC analysis was conducted at 4°C using the AKTAexplorer 10S system (GE Life Sciences). Purified sSortilin-his (100 lg) dissolved in buffer A (50 mM Tris-HCl, pH 8.0, and 150 mM NaCl) or buffer B (50 mM sodium acetate, pH 4.6, and 150 mM NaCl) was loaded onto the Superdex 200 Increase 10/300 GL column (GE Life Sciences) and eluted with buffer A or buffer B. Protein elution was monitored by ultraviolet absorbance at 280 nm. The molecular weight of sSortilin-his was estimated from the standard calibration curve. 
Flow cytometry
Transient transfection of plasmids into HEK293T cells was carried out with ScreenFect A (Wako Chemicals) according to the manufacturer's instructions. Twenty hours after transfection, enrichment of GFP-positive cells and cell analysis were carried out with the SH800 cell sorter (Sony Corp., Tokyo, Japan). The data from flow cytometry were analyzed using FLOWJO software (FlowJo, LLC, Ashland, OR, USA).
Statistical analysis
Statistical analysis was carried out by analysis of variance (ANOVA) using GRAPHPAD PRISM software (GraphPad Software, La Jolla, CA, USA). One-way and two-way ANOVA were used for experiments with one and two variables, respectively. A P-value of less than 0.05 was considered statistically significant.
Results and discussion
Crystal structure of the ligand-free form of dimerized sSortilin
We obtained rod-shaped crystals of ligand-free sSortilin at an acidic pH condition (pH range 4.2-4.8) from purified hexahistidine-tagged mouse sSortilin (residues 1-744), which was produced by CHO cells. Diffraction data were collected to a resolution of 2.45 A, and initial phases were determined by molecular replacement using the Sortilin coordinates from the human sSortilin:neurotensin complex (PDB ID: 4PO7 [14] ) as a search model. The structure was refined to an R factor of 18.0% with a free R factor of 21.7%. The crystallographic data collection statistics are given in Table 1 . The refined model consists of a total of 1293 residues with residues 318-320 (both chain A and B), 343-346 (chain A)/343-345 (chain B), 447-451 (chain A), 657-659 (chain B), and 739-744 (chain A)/740-744 (chain B) omitted due to poor electron density. Residues 1-82 in both chains were also omitted due to cleavage as a signal peptide (1-31) and as a propeptide (32-73) or poor electron density (74-82).
The asymmetric unit of the crystal contains two molecules that are dimerized (Fig. 1) . Each molecule is folded into the same doughnut-shaped structure as the Vps10-domain, consisting of the b-propeller and the 10 CC domains as previously determined [13, 14] . The b-propeller has a diameter and height of 60 and~30 A, respectively (Fig. 1B) . For comparison, the Ca-Ca root-mean-square deviation (RMSD) between the two monomers in the asymmetric unit was calculated as 0.93 A, indicating that both monomers show almost the same three-dimensional structures in the crystal form as found in the dimer form.
A sSortilin dimer formed through the top face of the bpropeller, and the 10CC domains were located at the opposite face of the dimer interface (Fig. 1C) , suggesting that the 10CC domains are not directly involved in the dimer formation of sSortilin. However, the loops from blades 1, 4, 6, 7, 8, 9, and 10 are clearly involved in dimer formation: blade 1 interacts with blades 7 and 8 of the counterpart, blade 4 interacts with blade 6 of the counterpart, and blade 9 interacts with blade 10 of the counterpart.
The orientation of the full-length Sortilin was inferred from the dimer structure of sSortilin. The Sortilin dimer is vertically oriented to the cell surface, and the 10CCb domains and blade 5 of the b-propeller are Values in parentheses are for the highest resolution shell.
where I i is the intensity of the measured reflection.
proximal to the cell surface, whereas blade 10 of the bpropeller is distal to it (Fig. 1C) .
Dimerization of Sortilin at acidic pH leads to a conformational change
The determined structure of mouse sSortilin was then compared with that previously reported for human Sortilin (PDB ID: 4PO7) as a model of the monomer structure, which was determined from crystals grown at neutral pH [14] (Fig. 2A) . The monomer structure in our determined sSortilin dimer showed overall similarity to that of human Sortilin with an Ca-Ca RSMD of 2.15 A, whereas the b-propeller structure appeared to be compressed upon dimerization. Interestingly, substantial conformational changes were found in the hydrophobic loop (128-FQVPLVIVSFG-138), which is highly conserved among Sortilin homologs [14] , most likely due to the dimerization ( Figs 1C right and 2B ). This hydrophobic loop is dynamically moved and fit into the pocket consisting of blades 7 and 8 in the counterpart of the loop upon dimerization (Fig. 1C  right) , suggesting the importance of conformational changes for the dimerization of sSortilin at acidic pH.
The binding site of the hydrophobic loop in the dimer counterpart (420-423, 450-455, and 494-500) also goes through a conformational change upon dimerization. Although the residues (447-DATAK-451) in chain A are disordered, the loop (450-455) in chain B could be well modeled by the clear electron density map (Fig. 2C) . Therefore, the structure from chain B was compared with that of human Sortilin. Of note, substantial rearrangements were found in E424 and D463 in human Sortilin, corresponding to E455 and D494 in mouse Sortilin, respectively (Fig. 2D) . In the sSortilin dimer, rearrangements of these two acidic residues, located in the vicinity of F137 in chain A, result in a hydrophobic interaction with the side chains of F137 and E455 (Fig. 2E) , further suggesting the importance of these conformational changes for Sortilin dimerization at acidic pH.
Moreover, rearrangement of the 10CC domains was also observed upon dimerization. Although the structure of each 10CC domain was not significantly changed between the monomer and dimer form (Fig. 2G  right) , the entire 10CC domain was rearranged along with compression of the b-propeller shape upon dimerization (Fig. 2G left) , suggesting that the compressed b-propeller shape in dimerization is aligned with the rearranged 10CC domains.
Electrostatic surface analysis represented a negatively charged surface of Sortilin at neutral pH at the dimer interface, which then became neutral at acidic pH, especially in the counterpart of the hydrophobic loop (Fig. 3A) . This suggests that dimerization of Sortilin at acidic pH occurs through hydrophobic interaction in the hydrophobic loop, whereas prevention of dimerization occurs by Coulombic repulsion at neutral pH. Moreover, among the well-conserved residues in various species, two histidine residues, H459 and H461, were predicted to change to a positive charge at pH 5.0, and two acidic residues, E455 and D494, in the vicinity of F137 were predicted to change to neutral at pH 5.0 (Fig. 3A) , resulting in the formation of a neutral pocket. This pocket likely supports the dimer formation of sSortilin in an acidic pH condition via an increase in the hydrophobic interactions between the hydrophobic loop and a neutral pocket. In addition, we found a salt bridge between D401 and H459 in the vicinity of the dimer interface of the counterpart of the hydrophobic loop (Fig. 2F) . By contrast, human sSortilin does not form a salt bridge between these residues at neutral pH [14] (Fig. 2F) , implying that dimerization facilitates fitting of the hydrophobic loop into a neutral pocket by formation of the salt bridge under acidic pH conditions. Interestingly, the Sortilin homolog SorLA, whose ligand-free structure has been determined under an acidic pH condition [16] , did not dimerize, and residue H476 in SorLA (corresponding to H459 in Sortilin) did not form a salt bridge with D413 (corresponding to D401 in Sortilin). Multiple alignment of the human Sortilin family revealed that the amino acid sequence in the hydrophobic loop of Sortilin is not conserved in SorLA and SorCS1-3 [14] . This finding suggested that the functional differences between Sortilin and SorLA/SorCS1-3 are likely due to dimerization in acidic pH depending on the hydrophobic loop and salt bridge formation between D401 and H459.
We postulated that the pH-dependent dimerization of Sortilin observed in the crystal form would also occur in solution. To address this hypothesis, size-exclusion chromatography (SEC) was carried out under acidic and neutral pH conditions with nondeglycosylated sSortilin. At pH 8.0, sSortilin, with an estimated molecular weight (MW) of about 75 kDa, was eluted at a retention volume of 12.4 mL corresponding to MW =~165 kDa, whereas at pH 4.6, sSortilin was eluted at a retention volume of 11.9 mL corresponding to MW =~247 kDa (Fig. 4) . Although sSortilin was completely eluted at an earlier retention volume than expected due to the glycosylation, the SEC peak of sSortilin at pH 8.0 obviously shifted to an earlier elution volume at pH 4.6 (Fig. 4) , indicating dimerization of Sortilin at acidic pH in solution. Interestingly, a shoulder peak between earlier retention volumes (8-11 mL) was found at pH 8.0, which was not observed at pH 4.6, suggesting that an equilibrium state might exist between the monomer and oligomer states at neutral pH.
Mass spectrometry previously revealed that human Sortilin has six N-linked glycan sites (N65, N129, N241, N373, N549, and N651, corresponding to N96, N160, N272, N404, N580, and N682 in mouse Sortilin, respectively) [14] . In our crystal structure, we found sufficient electron density corresponding to the glycans on N160, N404, N580, and N682, whereas we could not model the glycans on N96 and N272 due to poor electron density. N272 is found in the proximity of the dimerization interface, suggesting the involvement of the glycan on N272 in the dimerization of Sortilin; however, the glycan on this residue was not observed in this structure or in any other crystal structures determined to date to our knowledge. In addition, we found that the glycan on N682 in chain B extends to the dimerization interface in the vicinity of the hydrophobic loop in chain A (Fig. 3B) . Since we did not deglycosylate the sSortilin samples for crystallization, this finding suggests involvement of the glycan on N682 in the dimerization of Sortilin.
Impairment of Sortilin dimerization affects cytokine trafficking in cells
Sortilin predominantly exists in relatively more acidic cellular compartments such as the trans-Golgi network [8] , implying the functional importance of the pH-dependent dimerization of Sortilin for ligand binding/release in cells. Previous studies demonstrated that Sortilin is involved in cytokine trafficking in various immune cells [9] [10] [11] . To investigate the contribution of the hydrophobic interaction and the glycan on N682 for Sortilin-mediated cytokine trafficking, we measured cytokine trafficking in cells expressing Sortilin-enhanced green fluorescent protein (EGFP) carrying an F128E, F137E, or N682Q mutation. Substitution of two hydrophobic residues, F128 or F137, in the hydrophobic loop to glutamic acid would interfere with the hydrophobic interaction between the hydrophobic loop and the neutral pocket. Therefore, these mutations would be expected to result in disruption of Sortilin dimerization at acidic pH. The N682Q mutant prevented glycosylation on N682, suggesting the prevention of N-glycan-dependent dimerization. To assess the efficiency of IFN-a trafficking, wild-type or mutant Sortilin-EGFP was cotransfected with IFNA2-mCherry into HEK293T cells, followed by quantification of the fluorescence intensity of mCherry in the cells by flow cytometry. The fluorescence intensity of mCherry in both wild-type Sortilin-EGFP and IFNA2-mCherry-expressing cells decreased compared with that in both EGFP (mock) and IFNA2-mCherryexpressing cells (Fig. 5) , indicating that overexpression of wild-type Sortilin facilitated IFNA2-mCherry trafficking. Of note, the EGFP-enriched fractions increased the mCherry fluorescence in cells that expressed all of the Sortilin mutants as compared to wild-type Sortilin-transfected cells. This result indicates the accumulation of IFNA2-mCherry in cells expressing the F128E, F137E, or N682Q mutation (Fig. 5) . Therefore, impaired secretion of IFN-a from cells due to Sortilin mutations suggests the importance of both the hydrophobic interaction and the glycan on N682 for Sortilin-mediated cytokine trafficking.
Conclusion
In this study, we determined the 2.45-A crystal structure of ligand-free sSortilin, which was crystallized under acidic pH condition and formed a dimer in an asymmetric unit. The negatively charged surface of the dimer interface at neutral pH became neutral at acidic pH, indicating the importance of the hydrophobic interaction between the conserved hydrophobic loop and a neutral pocket for dimerization at acidic pH. SEC analysis further revealed that sSortilin also dimerized at acidic pH in solution. Disruption of the hydrophobic interaction and N-linked glycosylation by a single amino acid substitution resulted in the failure of cells to efficiently secrete IFN-a, which was likely due to impairment of Sortilin dimerization. Collectively, these observations suggest that Sortilin dimerization is important for Sortilin-mediated cytokine trafficking.
During preparation of this paper, the crystal structures of the human and mouse sSortilin dimer were reported by two independent groups [25, 26] ; however, the crystallization conditions employed in these studies were quite different from those in the present study. Consequently, the cell dimensions of their crystals also differed from those of our crystals. Structural alignment revealed that our determined sSortilin dimer well resembled both mouse sSortilin dimer (PDB ID: 5NMT) [26] (the Ca-Ca RSMD is 0.93 A) and human sSortilin dimer (PDB ID: 6EHO) [25] (the Ca-Ca RSMD is 0.91 A) (Fig. S1A, B) . Of note, although the resolution of the structure determined at acidic pH by Leloup et al. [26] was higher than that of our determined structure, the residues (448-ATA-450) in the vicinity of the dimer interface were disordered in this structure, resulting in an unclear electron density map in the vicinity of the loop at residues 448-455 (Fig. S1C) . However, this loop in chain B could be well modeled by the clear electron density map in our structure. Consequently, our structure could clearly represent the contribution of E455 to the hydrophobic interaction with F137 in Sortilin dimerization at acidic pH. The conformational changes that were observed upon dimerization, as revealed through structural comparison with human sSortilin, were also confirmed independently in these recent studies [25, 26] , indicating the importance of conformational changes for dimerization of sSortilin at acidic pH.
Acidification of intracellular organelles is critical for the control of vesicular trafficking, endocytosis, autophagy, lysosomal degradation, and neurotransmission [27] . Sortilin is mainly localized in acidic compartments such as the early endosomes and trans-Golgi network [8] but can also be found on the cell surface, a neutral environment, for the release and/or binding of ligands. Therefore, the pH at the cellular compartments containing Sortilin dramatically changes during Sortilin trafficking in cells. Consistent with the findings of the most recent studies [25, 26] , we also demonstrated that sSortilin dimerizes under a low pH buffer condition. In addition, SEC analysis revealed that the A495E mutant in mouse Sortilin, which is located in the vicinity of F128 at the hydrophobic loop, abolishes the potency of pH-dependent dimerization [26] . A mutation in the hydrophobic loop in human Sortilin, in which residues 99-VPLVIMTF-106 (corresponding to 130-VPLVIVSF-137 in mouse Sortilin) are substituted to a GAGA sequence, also prevented dimerization at acidic pH [25] . These data strongly suggest that the hydrophobic loop plays a critical role in the dimerization of Sortilin at acidic pH. More specifically, we found that mutations at F128 and F137 interfered with the hydrophobic interaction through the hydrophobic loop to ultimately decrease IFN-a secretion. The F128E or F137E mutant constructed in this study presumably corresponds to the A495E mutant or GAGA mutant, respectively; therefore, these glutamate-substituted mutants in the hydrophobic loop most likely prevent dimerization of Sortilin in acidic intracellular compartments. Taken together, we propose that Sortilin dimerization via hydrophobic interaction through the hydrophobic loop in acidic intracellular compartments plays a key role in cytokine trafficking in cells, although further experiments are required to uncover the mechanistic details of this pHdependent dimerization of Sortilin for cytokine trafficking.
Moreover, we found that the glycan on N682 extends to the vicinity of the hydrophobic loop, and the single amino acid-substituted mutant N682Q impaired IFN-a secretion from cells, suggesting the functional importance of the glycan on N682 for cytokine trafficking by Sortilin. In addition to N682, N272 is located in the proximity of the dimerization interface, inferring the involvement of the N-linked glycan on these residues in the dimerization. Of note, Leloup et al. [26] indicated that the N272Q mutant could not be produced due to its very low expression levels, which suggested that the N-linked glycan on N272 functions in maintaining the structural stability and/or appropriate intracellular trafficking of sSortilin in addition to its role in dimerization. Given that SEC analysis demonstrated that both the glycosylated and deglycosylated samples of human sSortilin could dimerize in acidic pH buffer [25] , the glycosylation does not appear to be critical for the dimerization, although further experiments are required to elucidate the precise role of glycans in pH-dependent Sortilin dimerization. Collectively, our findings highlight the importance of the pH-dependent dimerization and N-glycosylation of Sortilin in cytokine trafficking in cells.
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